In wheat (Triticum aestivum L.), Fusarium head blight (FHB) resistance is an important breeding target to reduce yield losses and mycotoxin contamination. We hypothesized that cleistogamous (CL, closed flowering) cultivars have a lower risk of FHB infection than chasmogamous (CH, opened flowering) cultivars because FHB infection usually occurs in the inside of florets or extracted anthers and FHB resistance in CL cultivars decreases mycotoxin accumulation. To test these hypotheses, we produced 126 recombinant inbred lines (RILs) derived from a cross between common wheat varieties 'U24' (CL variety) and 'Saikai 165' (CH variety). Although 'U24' and 'Saikai 165' are both resistant to FHB infection, 'U24' is susceptible to FHB spread, grain deterioration, and mycotoxin accumulation compared with 'Saikai 165'. Among the RILs, there were significant differences in all of the tested traits. Although the CL RILs showed less initial FHB infection than CH RILs, there were no significant differences in grain deterioration and mycotoxin accumulation between the 2 groups. An FHB-resistant quantitative trait locus (QTL) located on chromosome 3BS increased resistance to FHB spread, grain deterioration, and mycotoxin accumulation; however, not all CL RILs with this QTL accumulated less mycotoxin than 'Saikai 165'.
Introduction
Fusarium head blight (FHB) is a destructive fungal disease of wheat (Triticum aestivum L.) that causes significant grain yield losses and quality reductions (Parry et al. 1995 , Snijders 1990 ), especially in humid areas. FHB is usually caused by Fusarium graminearum Schwabe, which produces trichothecene mycotoxins, such as deoxynivalenol (DON) and nivalenol (Yoshizawa and Jin 1995) . Since these mycotoxins are toxic to humans, the Joint FAO/World Health Organization Expert Committee on Food Additives sets a provisional maximum daily intake of 1 μg DON per kilogram of body weight (Codex 2002) . Similarly, the provisional guidelines of the Ministry of Health, Labour and Welfare in Japan define the maximum DON content in unpolished wheat grains as 1.1 μg g −1 ; therefore, costeffective methods for preventing FHB and mycotoxin contamination in wheat, such as genetic engineering, are urgently needed (Rudd et al. 2001) .
There are 3 types of FHB resistance in wheat: (I) resistance to the initial infection, (II) resistance to spread within the spike, and (III) decomposition or lack of accumulation of mycotoxins (Mesterházy 1995, Schroeder and Christensen 1963) . Several quantitative trait loci (QTLs) are associated with type I resistance in recombinant inbred lines (RILs) and doubled haploid lines (DHLs) (Chen et al. 2006 , Gilsinger et al. 2005 , Lin et al. 2006 , Steed et al. 2005 , Steiner et al. 2004 , Yang et al. 2005 , Yu et al. 2008 ; reviewed by Buerstmayr et al. 2009 , Liu et al. 2009 . Since this type of resistance is more difficult to assess, less is known about it than other types (Buerstmayr et al. 2009 ); for example, the mechanism of type I resistance is not clear (Wagacha and Muthomi 2007) . FHB infection usually occurs after germination of the conidia on the inner surfaces of lemmas and paleae (Zange et al. 2005) ; however, the anther also could be a source of FHB infection (Dickson et al. 1921 , Pugh et al. 1933 , reviewed by Walter et al. 2010) . In barley (Hordeum vulgare L.), cleistogamous (CL) cultivars, which selffertilize within permanently closed flowers (Culley and Klooster 2007) , showed greater resistance to FHB infection than chasmogamous (CH) cultivars, which have open flowers (Yoshida et al. 2005) . Since 'U24' is a CL wheat cultivar (Ueno and Itoh 1997) (Fig. 1) , it may have greater resistance to FHB infection than CH cultivars.
Type II resistance is well known in Chinese spring wheat 'Sumai 3' and lines derived from it, such as 'Saikai 165' (Ban and Suenaga 2000) . 'Saikai 165' has a shorter culm and earlier growth characteristics than 'Sumai 3.' In 'Sumai 3,' QTLs for FHB resistance have been found on the short arms of chromosomes 3B (3BS) and 5A (5AS) (Anderson et al. 2001 , Bai et al. 1999 , Buerstmayr et al. 2002 , Waldron et al. 1999 , Yang et al. 2003 , Zhou et al. 2002 .
As a result, we hypothesized that CL cultivars of wheat are less susceptible to FHB infection than CH cultivars and that QTLs associated with resistance to FHB spread enhance FHB resistance in CL cultivars. To test these hypotheses, we produced RILs derived from a cross between 'U24' and 'Saikai 165,' and then evaluated their type I, II, and III resistances to FHB.
Materials and Methods

Plant materials
We produced 126 F 6 , F 7 , and F 8 RILs by single-seed descent from a cross between 'U24' and 'Saikai 165,' at the National Agricultural Research Center for Kyushu Okinawa Region (KONARC, Chikugo, Fukuoka, Japan). F 6 , F 7 , and F 8 RILs were used, respectively, for phenotypic and genotypic evaluations of FHB resistance during the 2006-2007, 2007-2008, and 2008-2009 wheat-growing seasons. 'U24' was collected from the Xinjiang-Uygur Autonomous Region of China. 'Saikai 165' is an FHB-resistant CH cultivar selected from 'Sumai 3,' which is also known as 'Asakazekomugi' (Japanese elite cultivar), at KONARC to increase the FHB resistance of Japanese commercial wheat cultivars.
Evaluation of type I resistance
To investigate resistance to initial FHB infection, we performed completely randomized pot experiments of 126 F 6 and F 7 RILs, 'U24, ' and 'Saikai 165' at KONARC from November 24, 2006 to April 5, 2007 and from December 3, 2007 to April 6, 2008 . Plastic pots (15 cm diameter, 12.5 cm depth) were filled with about 1 L soil (5 : 5 : 5 : 7 mixture of volcanic ash soil, sand, vermiculite, and compost, respectively) that was mixed with 50 mL calcium magnesium carbonate. Four seeds of each RIL and its parents were sown in each pot, and then allowed to germinate in a greenhouse with natural lighting at 10-15°C. Thirty days later, the seedlings were thinned to 3 plants.
We applied 2 grams of fertilizer containing 0.28 g N, 0.36 g P 2 O 5 , and 0.28 g K 2 O at the seedling growth stage (Zadoks growth stage (ZGS) 13) (Zadoks et al. 1974) and stem elongation stage . Then, at the flowering stage (ZGS 64-65) of each RIL, 20 mL of a macroconidia suspension containing 5 × 10 5 spores mL −1 of the H-3 isolate of F. graminearum (National Institute of Agrobiological Sciences (NIAS) Genebank MAFF No. 101551) was sprayed onto the spikes of the plants in each pot. The F. graminearum isolates were prepared as described previously (Yoshida et al. 2007) . The pots were then incubated overnight in a greenhouse at 18-25°C with 90-100% humidity. The next day, the macroconidia suspension was reapplied and the plants were again incubated overnight in the greenhouse. Subsequently, an intermittent sprinkler system was used to mist the plants and keep the spikes moist.
Seven days after infection (DAI), we visually examined each pot to determine the percentage of infected spikelets. In addition, we scored the severity of infection on a 0-9 scale according to the method of Patton-Ozkurt et al. (US Wheat and Barley Scab initiative, http://www.scabusa.org/pdfs/ptt/ cowger_type1-screening_protocol.pdf). For each pot, we inspected 3 spikes and expressed the result as the mean score of 3 replications. In addition, the types of flowering were identified at 0, 7, 10, 14 and 17 DAI. RILs with closed flowers and non-extruded anthers at all of these times were defined as CL, while those with open flowers or intermediate types of flowers (e.g., open flowers with non-extruded anthers or closed flowers with extruded anthers) at some of these times were defined as CH. The flowering stage of CL was checked by opening the lemmas by hand, and determined as the timing of pollen release from the anthers.
Evaluation of type II resistance
To investigate the resistance to FHB spread after infection, we performed completely randomized experiments in the experimental fields and growth chambers of KONARC as described previously (Kubo and Kawada 2009 ). Briefly, we tested 126 F 7 and F 8 RILs and their parents from November 20, 2007 to June 2, 2008 and from November 26, 2008 to May 28, 2009 growing season). Before plowing, 800 kg ha −1 of calcium magnesium carbonate was applied to the soil. In addition, immediately before sowing, the soil was fertilized with 30 kg ha −1 N, 39 kg ha −1 P 2 O 5 , and 30 kg ha −1 K 2 O. Ten seeds of each RIL and its parents were sown 70 cm apart in 2 rows (60 cm long, 10 cm apart). At the early flowering stage (ZGS 60-61), 10 μL of a macroconidia suspension (1 × 10 5 spores mL −1 of the DON-5 isolate of F. graminearum (NIAS Genebank MAFF No. 240559) was injected into the first florets of the second, sixth, and tenth spikelets from the neck of the spike. Then, a 60 cm segment of the spike was detached and placed upright in a growth chamber (20°C, 90-100% humidity, 6000 lx) for 24 h. The cut ends of the stems were soaked in water throughout the experiment.
At 7 DAI, we evaluated the spread of FHB by visually examining and scoring the browning on a 0-9 scale: 0, no browning of inoculated floret; 1-3, spread of browning within the inoculated floret; 4-6, spread of browning within the spikelet; 7-9, spread of browning to the rachis (Kubo and Kawada 2009 ). For each RIL and parent, we inspected 3 spikes per replication and expressed the result as the mean score of 2 replications.
Evaluation of type III resistance
To investigate the accumulation of mycotoxins, we performed randomized block field experiments in the experimental fields of KONARC. Specifically, we tested 126 F 6 and 65 F 7 RILs and their parents from December 1, 2006 , to May 31, 2007 and from November 28, 2007 , to June 4, 2008 . During the 2007-2008 growing season, we could not test as many RILs due to a shortage of field area, so some of the CH RILs were randomly omitted from the experiment. Before sowing, the soil was fertilized as described in the type II experiment above. Twenty seeds of each RIL were sown 70 cm apart in a row. A 2 m high net surrounded the field to protect the seedlings from the wind.
To induce FHB infection, we conducted grain spawn and spray inoculations as described previously (Rudd et al. 2001) . For grain spawn inoculation, corn (Zea mays L.) colonized with the H-3 isolate of F. graminearum was spread throughout the field (400 L ha −1 ) on March 20, 2007, when the plants were near the boot stage (ZGS 41). Similarly, on March 27, 2008, wheat colonized with the H-3, DON-5, DON-1 (NIAS Genebank MAFF No. 24055), NIV-1 (MAFF No. 240547), and NIV-7 (MAFF No. 240552) isolates of F. graminearum was spread throughout the field at the same growth stage. For spray inoculation, 60 mL of a macroconidia suspension containing 2 × 10 5 spores mL −1 of the H-3 isolate of F. graminearum was sprayed onto the spikes of plants at the flowering stage (ZGS 64-65) in each plot. After spray inoculation of the fastest-growing RIL, we used sprinkler irrigation to water the field for 2 min at 30-45 min intervals between 8:30-18:00 and at 60 min intervals between 18:00-8:30 until 21 DAI of the slowest-growing RIL.
At 21 DAI, we visually examined each plant to determine the percentage of infected spikelets and scored the severity of infection on a 0-9 scale as described previously (Buerstmayr et al. 2000) . For each plot, we inspected 3 spikes and expressed the result as the mean score of 2 replications. In addition, after harvesting the plants at the mature stage (ZGS 92), the grain was threshed and sieved with a 2.0 mm grid. The frequency of Fusarium-damaged kernels (FDKs) was then calculated as the number of damaged kernels among the total number of kernels (100-200) examined per plot. We defined the damaged kernels as shriveled, lightweight, chalky white kernels that were occasionally pink (Cuthbert et al. 2007) . To measure the concentration of DON, the kernels were ground with a laboratory mill and then tested with a commercial competitive enzyme immunoassay kit (RIDASCREEN ® DON; R-Biopharm AG, Darmstadt, Germany).
Molecular marker analysis
Genomic DNA was extracted from samples of the leaves of F 7 RILs, their parents, and 'Sumai 3' using a commercial DNA extraction kit (DNeasy Plant Mini Kit; Qiagen Inc., Hilden, Germany). The DNA was genotyped with 5 microsatellite markers, namely, gwm493 and gwm533 on chromosome 3BS and gwm293, gwm304, and wmc705 on chromosome 5AS, which are linked to 2 FHB-resistant QTLs. We obtained the microsatellite marker information from Röder et al. (1998) , Somers et al. (2004) , and GrainGenes (http:// wheat.pw.usda.gov/GG2/). The markers were amplified using the polymerase chain reaction (PCR) in a 20 μL reaction that contained 20 ng DNA, 1X Ex Taq buffer, 0.2 mM dNTP mixture, 0.5 U Taq polymerase (Takara Ex Taq TM ; Takara Bio Inc., Shiga, Japan), and 1 pmol of forward and reverse primers. The amplification conditions were as follows: initial denaturation at 98°C for 2 min; 40 cycles of denaturation at 98°C for 10 s, annealing at 53°C (gwm493 and gwm533) or 56°C (gwm293, gwm304, and wmc705) for 30 s, and extension at 72°C for 1 min; and a final extension at 72°C for 5 min. PCR fragments for gwm493, gwm533, gwm304 and wmc705 were electrophoresed on 4% (w/v) agarose gels that were prestained with 1X GelRed TM (Biotium Inc., Hayward, USA) in 1X TAE buffer (pH 8.0) at 50 V for 1.5 h. For gwm293, the PCR fragments were separated on a precast polyacrylamide gel (Super Sep TM 15% (Wako Pure Chemical Industries Ltd., Osaka, Japan) in 25 mM Tris and 192 mM glycine at 20 mA for 1.5 h, and then stained with ethidium bromide. We did not analyze RILs that had heterozygous genotypes in any of the markers.
Statistical analyses
We performed one-way or two-way analysis of variance (ANOVA) using the general linear model (GLM) procedure in SPSS software (ver. 13.0 J for Windows; SPSS Japan Inc., Tokyo, Japan). To evaluate the difference in each trait between CH and CL RILs, we used Student's t-test or Welch's t-test, after assessing the equality of variances using the Levene test. The Ryan-Einot-Gabriel-Welsch multiple range test was used to evaluate the difference in each trait among RILs with different FHB-resistant QTL genotypes.
Results
Differences between parents and among RILs
In the evaluation of type I resistance, the severity of FHB infection was significantly different among RILs and ranged from 0.00 to 5.00 and from 0.00 to 3.50 during the 2006-2007 and 2007-2008 growing seasons, respectively (Table 1) ; however, the difference between their parents was not significant in either growing season. In the evaluation of type II resistance, FHB spread was significantly lower in 'Saikai 165' than in 'U24' in the 2 seasons. The degree of spread was also significantly different among RILs and ranged from 1.60 to 8.78 and from 2.58 to 9.00 during the 2007-2008 and 2008-2009 growing seasons, respectively. In the evaluation of type III resistance, the percentage of FDKs in 'U24' was about 9 times and 3 times higher than that in 'Saikai 165' during the 2006-2007 and 2007-2008 growing seasons, respectively. In addition, the percentages of FDKs were significantly different among RILs and ranged from 1.57% to 55.15% and from 9.95% to 87.90% during the 2006-2007 and 2007-2008 growing seasons, respectively. The concentration of DON in 'Saikai 165' was significantly lower than that of 'U24' in both of these growing seasons. The concentration of DON was also significantly different among RILs and ranged from 2.23 μg g −1 to 13.25 μg g −1 and from 1.77 μg g −1 to 11.59 μg g −1 during the 2006-2007 and 2007-2008 growing seasons, respectively. Finally, ANOVA revealed that the interactions of lines with the growing season were significant in all of these characteristics, but the F-values were smaller than those for the effects of lines (Table 2) .
Effects of types of flowering and FHB-resistant QTL genotypes
We classified 16 of the 126 RILs as CL (Table 3 ). The segregation ratio of CL and CH RILs was determined to be 1 : 7 using the chi-square test (χ 2 = 0.005, P > 0.95). The severity of FHB infection in CL RILs was significantly less than that in CH RILs during the 2 growing seasons. Similarly, the degree of FHB spread in CL RILs was significantly less than that in CH RILs during the 2008-2009 growing season; however, no significant difference was observed between the 2 groups during the 2007-2008 growing season. In addition, the percentage of FDKs and the concentration of DON were not significantly different between CL and CH RILs during the 2 growing seasons.
The severity of FHB infection was not significantly different among 4 different FHB-resistant QTL genotypes during the 2 growing seasons. For both QTLs located on chromosomes 3BS and 5AS, the degree of FHB spread in RILs with the 'Saikai 165' genotype was significantly lower than that in RILs with the 'U24' genotype; however, the magnitude of this effect on chromosome 5AS was lower than that on chromosome 3BS. In contrast, the QTL located on chromosome 3BS had a greater effect on reductions in the percentage of FDKs and the concentration of DON than that on chromosome 5AS. Notably, RILs with the 'Saikai 165' genotype in both QTLs had the lowest FHB spread, percentage of FDKs, and concentration of DON during the 2 growing seasons.
Seven out of the 13 CL RILs (3 RILs with heterozygous genotypes in QTL located on chromosome 3BS were Ban and Suenaga (2000) . d Values show the spread of browning caused by FHB on a 0-9 scale according to Kubo and Kawada (2009) . removed) had the 'Saikai 165' genotype for the QTL located on chromosome 3BS (Table 4) . CL RILs with the 'Saikai 165' genotype in the QTL located on chromosome 3BS did not show any significant differences in FHB spread, percentage of FDKs, or concentration of DON from those of CH RILs with the same genotype. Similarly, CL RILs with the 'U24' genotype in the QTL located on chromosome 3BS did not show any significant differences in the percentage of FDKs or concentration of DON from those of CH RILs with the same genotype; however, the FHB spread in CL RILs was significantly less than that in CH RILs during 1 growing season.
Discussion
In this study, we compared the effects of CL and CH characteristics on 3 types of FHB resistance in wheat RILs and their parent cultivars, 'U24' and 'Saikai 165.' Although 'U24,' a CL cultivar, had a similar level of type I resistance to 'Saikai 165,' a CH cultivar, 'U24' had less type II and III resistance than 'Saikai 165.' The lack of a difference in the resistance to FHB infection between these 2 cultivars, even though CL RILs had greater resistance to FHB infection than CH RILs, might be partly due to the scoring method of FHB infection, which included the severity of infection and spread in a strict sense (i.e., high type II resistance in 'Saikai 165' partially reduces the score of FHB infection) (Buerstmayr et al. 2000 , Schroeder and Christensen 1963 , Wilcoxson et al. 1992 . It is possible that evaluating FHB resistance with respect to several other characteristics would enable a more definitive selection of materials with high FHB resistance, as described Ban and Suenaga (2000) . f Values show the spread of browning caused by FHB on a 0-9 scale according to Kubo and Kawada (2009 Ban and Suenaga (2000) . d Values show the spread of browning caused by FHB on a 0-9 scale according to Kubo and Kawada (2009). by Argysis et al. (2005) . As a result, we studied the different types of FHB resistance separately to more accurately understand FHB resistance in wheat.
Our result that CL RILs had greater resistance to FHB infection than CH RILs is consistent with other studies. For example, Gilsinger et al. (2005) reported that 'Goldfield' wheat, which has a narrow flower opening, is highly resistant to FHB infection. In addition, CL cultivars of barley were more resistant to FHB infection than CH cultivars (Yoshida et al. 2005) . Since anthers are required for the initial FHB infection (Dickson et al. 1921 , Pugh et al. 1933 , the lack of anther extrusion in these cultivars may have prevented FHB infection; however, Skinnes et al. (2008) demonstrated that even low anther extrusion is correlated with susceptibility to FHB infection. Therefore, incomplete CL cultivars may be as susceptible to FHB infection as CH cultivars. In contrast, in fully CL cultivars, such as the CL RILs derived from 'U24' in this study, the lack of anther extrusion decreased the opportunity for initial FHB infection compared with CH RILs.
The segregation ratio of 1 : 7 (CL to CH RILs) in this study indicated that 3 loci controlled the CL trait. This result is consistent with Fujita et al. (2005) , who showed that 3 recessive genes control the CL trait in 'U24' by using F 1 , F 2 , and F 3 plants and DHLs from crosses between 'U24' and 'Ayahikari' or 'Bandowase' wheat. In addition, 2 results from our molecular marker and genotype analyses revealed that the FHB resistance in 'Saikai 165' is related to the 2 QTLs derived from 'Sumai 3.' First, the amplicons of the markers linked to these QTLs are the same size in both 'Saikai 165' and 'Sumai 3.' Second, the parental genotype of RILs in the QTLs on chromosomes 3BS and 5AS affected the FHB spread, percentage of FDKs, and concentration of DON. The positive effect of these QTLs on FHB resistance is consistent with the results of many studies conducted against various genetic backgrounds and environments (Anderson et al. 2001 , Buerstmayr et al. 2003 , McCartney et al. 2007 , Miedaner et al. 2006 , Nishio et al. 2008 , Shen et al. 2003 , Waldron et al. 1999 , Wilde et al. 2007 . Our findings confirmed that these QTLs are indispensable to increase FHB resistance in wheat.
In contrast, our results that CL RILs with these QTLs did not have any effect on the percentage of FDKs or the concentration of DON suggested that the CL characteristics derived from 'U24' were less important for FHB resistance under the tested conditions. This may be due to the fact that once CL RILs are infected with FHB through the narrow gaps between the lemmas and paleae, they are just as susceptible to FHB-induced damage as CH RILs. Alternatively, 'U24' may have conferred other negative alleles to the CL RILs. Further research is needed to develop isogenic CL lines and evaluate their FHB resistance to clarify the effect of CL on FHB resistance.
In conclusion, this study showed that CL increases resistance to the initial FHB infection in wheat; however, CL RILs did not always improve resistance to grain deterioration and mycotoxin accumulation. As a result, further studies on CL and FHB resistance are needed to genetically enhance FHB resistance in wheat.
